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Abstract 

Background:  Pruritus is a recurring, long-lasting skin disease with few effective treatments. Many patients have 
unsatisfactory responses to currently available antipruritic treatments, and effective therapeutics are urgently needed 
to relieve symptoms. A previous study reported that mesenchymal stem cell (MSC)-mediated immune regulation 
could be used to treat skin inflammatory diseases. Multilineage-differentiating stress-enduring (Muse) cells are a new 
type of pluripotent stem cell that may also have the potential to treat inflammatory skin diseases.

Methods:  Muse cells were isolated from human bone marrow-derived MSCs (BMSCs) via the 8-h longterm trypsin 
incubation (LTT) method. Repeated use of 2,4-dinitrofluorobenzene (DNFB) induced atopic dermatitis (AD) in a 
mouse model. Immunofluorescence, behavior recording, and image analysis were used to evaluate the therapeutic 
effect of subcutaneous Muse cell injection. Real-time quantitative polymerase chain reaction (qPCR) was used to 
measure the expression of inflammatory factors. In vitro, wound healing and cell proliferation experiments were used 
to examine the effect of Muse cell supernatant on keratinocytes.

Results:  Our results showed that subcutaneous injection of Muse cells after AD model induction significantly allevi-
ated scratching behavior in mice. The evaluation of dermatitis and photos of damaged skin on the back of the neck 
revealed that Muse cells reduced dermatitis, playing an active role in healing the damaged skin. The activation of spi-
nal glial cells and scratching behavior were also reduced by Muse cell injection. In addition, we also showed that the 
expression levels of the inflammatory factors interleukin (IL)-6, IL-17α, and IL-33 in both the spinal cord and skin were 
suppressed by Muse cells. Furthermore, Muse cells not only exerted anti-inflammatory effects on lipopolysaccharide 
(LPS)-induced human HaCat cells but also promoted wound healing and keratinocyte proliferation.

Conclusions:  In vivo, Muse cells could alleviate scratching symptoms, reduce epidermal inflammation, and promote 
wound healing. In vitro, Muse cells could also promote the migration and proliferation of keratinocytes. In summary, 
Muse cells may become a new therapeutic agent for the treatment of AD.
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Background
Pruritus is a frequent symptom of many systemic 
and skin diseases. The International Forum for Itch-
ing Research (IFSI) defines itching that lasts 6 weeks or 
longer as chronic pruritus (CP). Due to the severity of CP 
and the fact that it is often difficult to treat, CP causes a 
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heavy burden on individuals and impairs quality of life. In 
the patient population, the incidence of CP depends on 
the underlying cause of the disease. The overall incidence 
ranges from 25% in hemodialysis patients to 100% in 
patients suffering from skin diseases such as atopic der-
matitis (AD) and urticaria [1]. AD is a complex inflam-
matory cutaneous disorder characterized by dysfunction 
of the epidermal barrier and immune dysregulation. Due 
to skin lesions, the activity of type 2 immunity in the skin 
causes the infiltration of cells that are mainly character-
ized by CD4 expression, and these cells interleukin (IL)-4 
and IL-13, causing a cascade inflammatory reaction. The 
pathogenesis of AD is complex and seems to arise from a 
combination of environmental and genetic factors [2, 3]. 
There are several treatment approaches for AD, such as 
topical anti-inflammatory therapies, barrier repair, main-
tenance therapy, and oral Janus kinase (JAK) inhibitors. 
These therapies can only temporarily relieve symptoms, 
and they also cause side effects during longterm treat-
ment [4]. Therefore, there is an urgent need to develop 
safe and effective treatments for AD.

Mesenchymal stem cells (MSCs) are nonhematopoi-
etic progenitor cells derived from the stroma. MSCs are 
commonly present in various tissues in adults and new-
borns and can be expanded from the following tissues: 
bone marrow, umbilical cord blood, adipose tissue, den-
tal pulp and skin [5]. In recent years, the immunomod-
ulatory effect of MSC therapy has been confirmed in 
animal models, and this treatment can improve clinical 
symptoms by inhibiting the activation of T cells and B 
cells. MSC-mediated immune regulation can be used to 
treat skin inflammatory diseases. Current articles report 
that bone marrow-derived MSCs (BMSCs) have signifi-
cant protective and therapeutic effects on ovalbumin-
induced AD in mice by inhibiting IgE and IL-4 [6]. In 
stem cell-based therapy, there are some important issues 
that still need to be considered. MSCs are a mixed group 
of cells containing multiple subtypes. Researchers are 
still unclear about which type of cells have therapeutic 
effects. Therefore, it is difficult to establish MSC ther-
apy guidelines that meet clinical treatment standards. 
During the process of repeated adherent culture, MSCs 
spontaneously differentiate, and after multiple passages, 
MSCs change their chemokines, cytokines, and recep-
tors. In addition, the number of transplanted stem cells, 
pretreatment of the cell preparation, effective treatment 
approaches, and the frequency management also need to 
be considered [5]. Because of these limitations, MSCs are 
not suitable as a longterm treatment. Therefore, obtain-
ing safe and stable cells is the key to promoting the clini-
cal translation of research on stem cell treatment for AD.

Multilineage-differentiating stress-enduring (Muse) 
cells are a new type of pluripotent stem cell found in 

BMSCs and represent approximately 1%-2% of BMSCs. 
Muse cells have stable characteristics, form single cell-
derived clusters in suspension, and maintain a single 
morphology [7]. Muse cells are endogenous pluripotent-
like stem cells with stress-resistant and nontumorigenic 
characteristics that can spontaneously differentiate into 
multiple cell types to replace damaged cells and medi-
ate tissue repair [7, 8]. In addition, Muse cells also have 
another important and unique feature: allogeneic and 
xenogeneic Muse cells escape host immune rejection 
after administration without the need for immunosup-
pressive therapy [9]. Based on these unique character-
istics, intravenously administered allogenic Muse cells 
are already widely used in clinical trials [10]. At present, 
studies on Muse cells have focused on their differen-
tiation ability, which is regarded as a new development 
direction for stem cell therapy [11–15]. However, the 
therapeutic efficacy of Muse cells in AD has not been 
reported. Therefore, we examined the antipruritic ability 
of Muse cells to provide a new direction for the clinical 
treatment of chronic itch.

Methods
Animals
Adult ICR mice (male, 25  g) were purchased from the 
Experimental Animal Center of Nantong University. 
Experiments are carried out according to the care and 
use guidelines on laboratory animals. The animals are 
kept in a dark-dark cycle of 12:12  h room, with free 
access to water and food.

Drugs and administration
To establish a model of atopic dermatitis (AD), we used 
2,4-dinitrofluorobenzene (DNFB, Sigma-Aldrich) on the 
back skin of mice. Two days before sensitization, the hair 
on the abdominal surface and the neck was shaved. Dis-
solve the DNFB into an acetone and olive oil mixture 
(4:1). Using 50  μl of 0.5% DNFB to sensitize the shaved 
abdominal skin of mice. Five days later, 30  μl of 0.25% 
DNFB was challenged to the skin of the nape of mice, 
and then on the 3rd, 5th, and 7th day, the schematic dia-
gram of the animal model is shown in Fig.  1A [16]. On 
the 8th day, and the next 7 days, the scratching behavior 
was recorded by video for 30 min. Then blindly count the 
number of scratches.

Skin wound model
Under isoflurane anesthesia, the hair on the back of the 
neck of the mouse was shaved and a 5-mm long, full-
thickness incision without injuring the underlying mus-
cles was made by a blade and left unsutured. 2 × 105 
Muse cells were suspended in 20  μl PBS were injected 
into the subcutaneous tissue near the right side of the 
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incision 1  day after surgery. The vehicle group received 
20 μl PBS as control. Images were taken with a camera, 
and the area of the wound was analyzed with Image J.

Neck injection of Muse cells
To study the effect of Muse cells on the itching caused by 
DNFB, 2 × 105 Muse cells were dissolved in phosphate 
buffer saline (20  μl) and administered by subcutaneous 
injection after the last day painting of DNFB, the mice 
were sacrificed on day 1, 3, 5, 7, 9, and 11 after injection. 
The vehicle group received excipients (only phosphate 
buffer injection) on the same schedule.

Behavioral analysis
All behavior records use double-blind testing. Before 
videoing, mice were acclimated to the testing environ-
ment for at least 2 days. On the day of the behavioral test, 
place the mice in a small plastic room on the elevated 
metal mesh floor and allow them to acclimate for at 
least 30 min. Then the mice’s behavior was recorded for 
30 min. Play the video offline when counting. The mouse 
raised its hind paw to scratch the back skin and put the 
paw back on the floor or mouth, it was regarded as a 
scratching behavior [17].

Evaluation of dermatitis
Severity of dermatitis of the face, ears, and rostral part 
of the body was assessed by the following table. The total 
score (minimum 0, maximum 12) was expressed as the 
sum of each score of the four symptoms [18].

Observation 
area

Score

Face, ears, 
and the skin 
of neck

No symp-
toms (score 
0)

Mild (score 
1)

Moderate 
(score 2)

Severe (score 
3)

Erythema/
hemorrhage 
of the back 
skin

No 
erythema 
hemor-
rhage

Local ery-
thema no 
hemorrhage 
on back 
skin

Dis-
seminated 
erythema, 
no hemor-
rhage

Erythema on 
the entire 
back skin or 
Hemorrhage 
caused by 
repeated 
scratching

Observation 
area

Score

Edema in the 
ear pinna

No increase 
in ear thick-
ness

Slight 
increase in 
thickness in 
either the 
left or right 
ear pinna

Marked 
increase in 
thickness of 
both sides 
of ear pinna

Marked 
increase in 
thickness and 
stiffness of 
both sides of 
ear pinna

Excoriation/
erosion in the 
ear pinna

No excoria-
tion and tis-
sue deficit

Local (not 
continuous) 
excoriation, 
no tissue 
deficit

Small scale 
continuous 
excoriation, 
no tissue 
deficit

Continuous 
excoriation 
and tissue 
deficit

Scaling/dry-
ness of the 
rostral back 
skin

No scaling 
or dryness

Local 
scaling 
and slight 
exfoliation 
of skin

Dissemi-
nated scal-
ing/marked 
exfoliation 
of skin

Scaling of the 
entire area 
and marked 
exfoliation of 
skin

Real‑Time quantitative PCR (qPCR)
Cervical spinal cord, the skin of neck and HaCat cells 
were collected in RNase-free condition sand isolated 
total RNAs using TRIzol reagent (Sigma-Aldrich). RNA 
(1  mg) was reverse transcribed for each sample using 
SuperScript III RT (Vazyme). The sequences of the for-
ward and reverse primers for:

IL-6: Forward: TCC​ATC​CAG​TTG​CCT​TCT​TGG; 
Reverse: CCA​CGA​TTT​CCC​AGA​GAA​CATG;
IL-17α: Forward: AGT​GTT​TCC​TCT​ACC​CAG​
CAC; Reverse: GCC​ACT​GCC​TCG​TAT​TGA​GT;
IL-33: Forward: TCC​TTG​CTT​GGC​AGT​ATC​CA; 
Reverse: TGC​TCA​ATG​TGT​CAA​CAG​ACG;
IL-1β: Forward: TGT​CTT​GGC​CGA​GGA​CTA​AG; 
Reverse: TGG​GCT​GGA​CTG​TTT​CTA​ATG;
Gapdh: Forward: TCC​ATG​ACA​ACT​TTG​GCA​
TTG; Reverse: CAG​TCT​TCT​GGG​TGG​CAG​TGA;

The qPCR analysis was performed in the StepOne-
Plus real-time PCR system by SYBR green I dye detec-
tion (Vazyme). The final volume of the quantitative 
PCR amplification reaction is 10 μl, The thermal cycling 
conditions include pre-denaturation at 95  °C for 30  s, 

Fig. 1  Pruritus in the back skin caused by 2,4-dinitrofluorobenzene (DNFB) was attenuated by Muse cells. A DNFB model time course. Mice were 
recorded to establish a baseline the day before 50 μl of 0.5% DNFB was applied to the abdominal skin. Five days later, 30 μl of 0.25% DNFB was 
administered to the skin of the nape of the neck and was further applied on the 3rd, 5th, and 7th days. The day after the last administration, Muse 
cells or PBS was injected into the back skin of the mice. The black arrows in this diagram indicate the time points at which scratching behavior were 
recorded. B Muse cell suspension culture (left) and adherence culture (right). Scale bar = 100 μm. C The bar graph shows the scratching behavior 
of mice administered DNFB with and without subcutaneous injection of Muse cells. On day 1–5, the number of scratches in the Muse cell-treated 
group was significantly reduced compared with that in the PBS group. Muse cell treatment quickly reversed the itching and scratching times. 
One-way or Two-way ANOVA followed by the Bonferroni test; #p < 0.05 versus BL; ***p < 0.001, **p < 0.01, *p < 0.05 versus vehicle group; n = 5 mice 
per group. The data are presented as the mean ± s.e.m. The green arrows indicate the time of DNFB painting and the red arrow indicates the time 
point of Muse cells or PBS injection. D The cultured suspension of dyed Muse cells was injected subcutaneously into the damaged skin. Day 1, 3, 5, 
7, 9 and 11 post injection, the mice were sacrificed and skin tissues were collected. The number of Dil-labeled Muse cells (red) gradually declined, 
and only a few cells remained on day 11 after injection. Scale bar = 100 μm

(See figure on next page.)
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Fig. 1  (See legend on previous page.)
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40 cycles of denaturation at 95  °C for 10  s, and anneal-
ing and extension at 60 °C for 30 s. Gapdh is used as an 
endogenous control to standardize the difference. The 
melting curve is constructed after the cycle to ensure that 
no non-specific products are present. Quantification was 
performed by using the normalized Ct (cycle threshold) 
value of Gapdh Ct and analysis using the 2−ΔΔCt method.

Immunohistochemistry
As we previously reported [19], we used isoflurane to 
anesthetize mice and perfuse with saline and 4% para-
formaldehyde through the ascending aorta. After perfu-
sion, the cervical skin and the C3-4 spinal cord segment 
were taken and fixed overnight. The spinal cord section 
(30 μm, free-floating) was cut in a cryostat and subjected 
to immunohistochemical treatment. Firstly, block the 
sections with 2% goat serum at room temperature for 
1  h, then incubated overnight at 4  °C with the primary 
antibodies: Iba-1 antibody (1:1000, rabbit; Wako, catalog: 
019-19741), GFAP antibody (1:1000, mouse; Millipore 
Bioscience Research reagent, catalog: MAB360), using 
PBS repeatedly wash 3 times then Cyanine 3-anti-mouse 
(1:1000, Jackson ImmunoResearch, catalog: 115-165-003) 
or Alexa 488-anti-rabbit (1:1000, Jackson ImmunoRe-
search, catalog: 111-545-003) mixture incubated for 2  h 
at room temperature. Check the stained section with the 
Nikon fluorescence microscope, and capture the image 
with a CCD Spot camera. Six spinal cord slices were col-
lected from each mouse for quantitative immunofluo-
rescence. The blind observer using ImageJ software to 
measure the fluorescence intensity of the superficial dor-
sal horn of the spinal cord (laminae I-III).

Cells culture and migration
Muse cells were generated from human-MSC, which was 
provided from Genesis Stem Cell Regenerative Medi-
cine Engineering Co., LTD, China, by 8-h incubation of 
trypsin, followed by vortexing at 2,200 rpm for 3 min and 
centrifugation at 740×g for 15  min. The cells were cul-
tured at 37 °C in α-minimum essential medium (α-MEM) 
containing 10% (volume/volume) FBS and 0.1  mg/mL 
penicillin–streptomycin solution [20, 21]. After 2 days 
of culture, when the cells cover 90% of the culture dish, 
using 0.05% trypsin to digest cells, centrifugation at 
1000 rpm to collect the Muse cells for subsequent experi-
ments. The supernatant of Muse cells was collected and 
made into powder with vacuum freeze-drying. The pow-
der was dissolved in PBS for subcutaneous injection or in 
the HaCat cell culture medium for culture. The solution 
used to dissolve the freeze-dried powder was half of the 
initial volume. HaCat cells were purchased from Shang-
hai Zhongqiao Xinzhou Biotechnology Co., Ltd. Cells 
were maintained at 37  °C in Dulbecco’s Modified Eagle 

Medium (DMEM) containing 10% (vol/vol) FBS and 
0.1 mg/mL penicillin–streptomycin solution. We use the 
ibidi culture–insert for wound healing assays to observe 
the effect of the supernatant of Muse cells on the migra-
tion of HaCat cells. First of all, a physical gap was created 
within a cell monolayer, we monitor and record the pro-
cess of cell migration to the gap by taking pictures at 0 h, 
6 h and 12 h. The gap closure rate was analyzed by using 
ImageJ software.

Cells labeling and EdU labeling of cultured cells
Muse cells were incubated with Vybrant CM-Dil (Molec-
ular Probes, Life Technologies) according to the instruc-
tions. In brief, a 1000-fold dilution of dye was added to 
the resuspended Muse cells suspension, then placed in 
the incubator incubated for 15–20  min, centrifuge for 
5  min at 1000  rpm. Washing repeatedly 2–3 times to 
wash the excess dye to obtain the labeled Muse cells. 
HaCat cells were grown on glass coverslips in DMEM 
containing with 10% FBS and 1%PS. EdU was added 
to the culture medium at a concentration of 10  nM to 
10  μM for 30  min. Later the cells were washed 2 to 3 
times with PBS, permeabilized and fixed. The next steps 
are the same as immunohistochemistry.

Statistical analyses
All data were expressed as mean ± SEM. One-way and 
Two-way ANOVA followed by the Bonferroni test was 
used to analyze the behavioral data. Student’s t-test was 
applied only 2 groups were to be compared. The criterion 
for statistical significance was p < 0.05.

Results
Muse cells alleviate scratching behavior in AD mice
Chronic itching is a sensation that triggers the desire to 
scratch. Repeated applications of 2,4-dinitrofluoroben-
zene (DNFB) were used to induce AD in a mouse model 
of annoying pruritus. Scratching behavior was recorded 
for 30  min every time on different days, as shown in a 
schematic diagram (Fig. 1A). Following the last treatment 
of DNFB, we subcutaneously injected 2 × 105 Muse cells 
(Fig. 1B) or phosphate-buffered saline (PBS) into the neck 
of DNFB-stimulated mice. After the model was estab-
lished, the skin on the backs of the mice became red, and 
the number of robust scratches increased compared with 
baseline, causing skin damage and bleeding. The mouse 
skin and hair around the experimental site were slightly 
reduced due to the excessive scratching [16]. Muse cell 
administration quickly reversed the itching and scratch-
ing behaviors after the last administration of DNFB, the 
redness of the skin on the backs of the mice was relieved, 
and the wounds caused by scratching gradually recov-
ered compared to those of mice treated with PBS alone. 
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The scratching behavior of mice in the PBS group did not 
decrease and even slightly increased due to the develop-
mental period of the pruritus model; the mice appeared 
irritable and behaved abnormally compared with mice 
in the Muse cells treatment group. The effects of Muse 
cells lasted for 5 days after the final administration, after 
which there was no significant difference in either group 
(Fig. 1C). On day 5–10, both groups of AD mice gradu-
ally recovered from scratching behavior, and in Muse-
cell-treated group, the number of scratches returned to 
the baseline on day 9. However, the number of scratches 
in vehicle group was still much higher than that in the 
naive group on day 10. These results suggest that Muse 
cells can alleviate scratching behavior in AD mice.

To observe the migration of Muse cells after sub-
cutaneous injection in the back skin, we used CELL 
TRACKER dye to label Muse cells, which were injected 
subcutaneously into the model site in  situ. Day 1, 3, 5, 
7, 9 and 11 post injection, the mice were perfused with 
paraformaldehyde, skin tissues were collected, and frozen 
sections were obtained. The immunofluorescence results 
showed that after subcutaneous injection, a large number 
of Muse cells were present in the skin lesions and slightly 
spread around the lesions, and some Muse cells had 
migrated into the dermis. Immunofluorescence analysis 
showed that the Muse cells gradually spreading from the 
injection site throughout the entire damaged skin site. 
We hypothesize that due to the increase in inflammatory 
factors in the skin, chemokines may be secreted, inducing 
Muse cells to spread to the damaged area. The number of 
Dil-labeled Muse cells gradually declined, with only a few 
cells observable on day 11 after injection (Fig. 1D).

Muse cells have the potential for skin regeneration 
and reduce the expression of inflammatory cytokines 
in the spinal cord and skin
In CP diseases, scratching behavior is very common, 
and annoying, constant scratching causes deficiencies 

in many stratum corneum (SC) components that con-
tribute to skin barrier function [17, 18]. As the itch-
ing intensified, the number of scratches also increased, 
which eventually led to aggravated skin damage, form-
ing a vicious cycle of itching-scratching-skin damage. 
Using DNFB, erythema of the back skin and edema in 
the ear pinna were markedly increased. We examined 
the effects of subcutaneously administered Muse cells 
compared to PBS treatment. The histological changes 
in the skin were evaluated by imaging for 5  days after 
subcutaneous administration of Muse cells and PBS. 
PBS did not improve the severity of skin lesions in AD 
mice, but Muse cells significantly alleviated skin damage 
(Fig.  2A). Observing the faces and ears of the mice and 
the degree of back bleeding, erosion and dryness, it could 
be seen that there was a significant difference between 
the PBS and Muse treatment groups; Muse cell-treated 
mice showed better and faster therapy effects than PBS-
treated mice, and the time to wound healing and scab 
shedding was greatly shortened [19]. Further evaluation 
of dermatitis showed that the effectiveness of Muse cells 
began on the first day after injection and was maintained 
until the fourth day (Fig.  2D). Our results showed that 
Muse cells play an important role in protecting the skin 
in chronic itching diseases. This treatment can not only 
break the vicious cycle but also promote the regeneration 
of diseased skin. The skin regeneration in the AD mice 
may either benefit from the positive effects of Muse cells 
or the reduction of scratching. To confirm the effects of 
Muse cell on skin recovery, we used a skin wound injury 
model, which did not induce scratching behavior. Com-
pared with the control group, subcutaneous injection of 
Muse cells could significantly promote skin wound heal-
ing (Fig. 2E). These results indicated that Muse cells can 
promote skin regeneration.

During the establishment of the DNFB model, we 
observed that erythema of the back skin and edema in 
the ear pinna were serious, and the skin was damaged 

(See figure on next page.)
Fig. 2  Muse cells promote the regeneration of skin lesions in AD mice and reduce the expression of spinal and skin proinflammatory cytokines. A 
The histological changes in the skin of AD mice were recorded by photos. After the administration of DNFB, erythema of the back skin and edema 
in the ear pinna were markedly increased. Skin lesions on the back of the neck were consecutively photographed 5 days after subcutaneous 
administration of PBS (vehicle) and Muse cells in AD mice for pathological evaluation. Compared with those in the vehicle group, changes in the 
symptoms of wound healing, bleeding, erosion and dryness on the back skin in the Muse group were significantly relieved. Scale bar = 1 cm. 
Real-time PCR analysis of spinal B and skin C levels of the cytokines IL-6, IL-17α, IL-33, and IL-1β. B Spinal levels of the cytokines IL-6, IL-17α, and IL-33 
were significantly reduced in response to Muse cell treatment. The cytokine IL-1β was not different between the two groups. C Skin levels of the 
cytokines IL-6, IL-17α, IL-33, and IL-1β were significantly reduced in response to Muse cell treatment. The results were normalized to Gapdh and are 
shown as ratios relative to vehicle (PBS-treated) mice under chronic itch conditions. Two-tailed Student’s t-test; ***p < 0.001, **p < 0.01 versus vehicle 
group; n = 3–5 mice per group. The data are presented as the mean ± s.e.m. D The dermatitis score shows the therapeutic effect of Muse cells or 
PBS on AD mice. Muse cell treatment had a significant effect on the recovery of diseased skin. Similar to the behavioral results, the therapeutic 
effect of Muse cells lasted for 4 days. Two-way ANOVA followed by the Bonferroni test; ***p < 0.001versus vehicle group; n = 6 mice per group. The 
data are presented as the mean ± s.e.m. Arrow indicates the time of Muse injection. E A skin wound injury model was used to check the effects of 
Muse cells on skin wound healing. Compared with the control group, subcutaneous injection of Muse cells could significantly promote skin wound 
healing. Two-way ANOVA followed by the Bonferroni test; ***p < 0.001versus vehicle group; n = 4 mice per group. Arrow indicates the time point of 
Muse cells or PBS injection. The data are presented as the mean ± s.e.m



Page 7 of 14Fei et al. Stem Cell Research & Therapy          (2021) 12:606 	

and eroded due to severe scratching. Related literature 
reports that inflammatory factors also play an important 
role in AD [20], and so we hypothesized that the vicious 
cycle of itching-scratching lesions was exacerbated by 
inflammation. To explore the role of inflammatory sub-
stances in the spinal dorsal horn and damaged skin in 
the CP model, we evaluated changes in the inflammatory 

cytokines IL-17α, IL-6 IL-33, and IL-1β. Real-time PCR 
analysis showed that after the AD model was established, 
compared with that in the vehicle (PBS-treated) group, 
the expression of IL-17α, IL-6, and IL-33 mRNA in the 
Muse cell group was significantly decreased in the spi-
nal cord, while the spinal-released cytokine IL-1β was 
not different between the two groups (Fig.  2B). In the 

Fig. 2  (See legend on previous page.)
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skin sample, real-time PCR analysis of the skin-released 
cytokines IL-17α, IL-6 IL-33, and IL-1β revealed that the 
increase in proinflammatory cytokines was markedly 
decreased by Muse cells (Fig. 2C). These results indicate 
that Muse cells may play a therapeutic role by regulating 
inflammatory factors related to CP.

DNFB‑induced glial cell activation is reduced in Muse 
cell‑treated mice
The literature shows that glial cells in the spinal cord play 
a key role in the maintenance of CP [21–23]. To deter-
mine whether the microglia and astrocytes in the spinal 
cord of AD model mice can be activated, we measured 
the expression of astrocytic and microglial markers in the 
C3-C5 spinal cords of naive, PBS-treated, Muse-treated 
and supernatant of Muse cells-treated mice 3  days 
after injection by immunohistochemistry. The results 
showed that administrations of DNFB on the back skin 
led to upregulation of the astrocytic marker GFAP and 
the microglial marker IBA-1, as well as morphological 
changes in astrocytes and microglia in the cervical spi-
nal cord. All of these glial changes were attenuated by 
the treatment of either Muse cells or their supernatant, 
though Muse cells had stronger inhibitory effects (Fig. 3). 
The expression of GFAP in the Muse cell group was rela-
tively increased, and IBA-1 was not significantly different 
from that in the naive group indicate astrocytes play a 
key role in the duration of itching.

Muse cell supernatant has a positive regulatory effect 
on wound healing and promotes HaCat cell proliferation
Keratinocytes (HaCat cells) account for approximately 
95% of total human epidermal cells and maintain the 
biochemical and physical integrity of the skin by secret-
ing large amounts of high molecular weight proteins such 
as cytokeratin and mucopolysaccharides. Under normal 
steady-state conditions, the epidermis can protect the 
body from external damage [24]. Due to the repeated 
scratching of patients with chronic itching, the epidermal 
barrier weakens, breaks and disappears, causing greater 
damage to patients. We used the Ibidi culture insert for 
wound healing assays to observe the effect of Muse cell 
supernatant on the migration of HaCat cells. As shown 
in Fig. 4A, after removing the middle insert plug-in, we 

used an inverted microscope to take photos at three dif-
ferent times (0 h, 6 h, and 12 h) to observe the process of 
cell migration to the middle of the gap. The area at 0  h 
was used as the control. The results showed that com-
pared with that in the control group, the migration rate of 
HaCat cells in the Muse cell supernatant treatment group 
significantly increased. Clear differences between the two 
groups were observed at 6 and 12 h (Fig. 4C). This result 
indicates that Muse cell supernatant plays an active role 
in promoting wound healing in vitro [19].

The healing of skin wounds is always accompanied by 
the proliferation of keratinocytes (HaCat cells). In  vivo, 
we observed that Muse cells could increase the speed of 
wound healing. We have proven that Muse cell superna-
tant can promote the migration of keratinocytes in vitro. 
Furthermore, we hypothesized that this supernatant 
would also affect the proliferation of HaCat cells. Using 
the EdU kit, we separately tested the proliferation of 
HaCat cells in the Muse cell supernatant-treated group 
and the untreated group (vehicle), and the results showed 
that compared with the vehicle, Muse cell supernatant 
promoted the proliferation of keratinocytes and further 
accelerated wound healing (Fig. 4B). The statistical analy-
sis of the cell proliferation rate further confirmed these 
findings (Fig. 4D). Thus far, we have confirmed the repar-
ative effect of Muse cells in vivo and in vitro.

The protective effect of Muse cell supernatant 
on LPS‑induced HaCat cells
LPS is the main component of gram-negative bacte-
rial membranes and is one of the most common inflam-
matory stimulants. We used LPS to establish a human 
keratinocyte (HaCat) bacterial infection and inflam-
mation model to investigate whether Muse cell super-
natant could downregulate the inflammatory factors 
IL-17α, IL-6 and IL, as shown in the in vivo experiment 
[25]. By inhibiting inflammation and reducing patient 
scratching behaviors, the patient’s skin biochemical and 
physical barrier function can be restored to achieve treat-
ment efficacy. Our results showed that the expression of 
the proinflammatory cytokines Il-6, Il-17α and Il-33 in 
Muse cell supernatant-pretreated keratinocytes was sig-
nificantly inhibited compared with that of cells that were 
not pretreated (Fig. 5A). Thus far, we have demonstrated 

Fig. 3  The effect of Muse cells on glial cell activation in the spinal dorsal horn. A, B Four DNFB administrations on the back skin induced glial cell 
activity in the cervical spinal cord. Immunohistochemistry was used to examine the activation of astrocytes and microglia in the dorsal horn of the 
cervical spinal cord (C3-C4). The expression of GFAP and IBA1 in the spinal cord increased significantly after DNFB administration, indicating that the 
CP model caused the activation of astrocytes and microglia. The activation of microglia and astrocytes in the Muse cell and supernatant treatment 
group were significantly suppressed. Compared with the supernatant, Muse cells had stronger inhibitory effect. Scale bar = 100 μm in the top and 
50 μm in bottom panels. C, D Quantitative analysis of GFAP, IBA-1, and the immunofluorescence intensity (fold change relative to the naive control) 
in the spinal dorsal horn of naive and PBS and Muse cells and Muse cell supernatant-treated mice. One-way ANOVA followed by the Bonferroni test. 
***p < 0.001 versus naive; n = 11 slices from 5 mice per group. The data are presented as the mean ± s.e.m

(See figure on next page.)
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Fig. 3  (See legend on previous page.)
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in vivo and in vitro that Muse cells have a robust ability to 
regulate inflammation.

Discussion
AD is a common inflammatory skin disease character-
ized by recurrent eczema skin lesions and severe itch-
ing, which heavily affects patient quality of life and 
sleep quality [26]. The pathogenesis and etiology of AD 
are complicated and may involve intense interactions 

Fig. 4  The effects of Muse cell supernatant on wound healing and the proliferation of keratinocytes. A Muse cell suspensions were inoculated 
into the plug-in chamber, and then the cells were cultured for 1 day. Cell migration was observed, and photos were taken at 0 h, 6 h and 12 h in 
the different groups. The area at 0 h was used as a control. The results showed that compared with that in the control group, the migration rate 
of HaCaT cells in the Muse cell supernatant treatment group was significantly accelerated at 6 and 12 h. B HaCaT cells were cultured on glass 
coverslips, and then Muse cell supernatant was added and incubated for 30 min. Cell proliferation was observed, and photos were obtained after 
immunofluorescence staining. The proliferation of HaCaT cells was slightly accelerated in the Muse cell supernatant treatment group compared 
with the vehicle group. C Statistical analysis of HaCaT cell migration areas. Two-way ANOVA followed by the Bonferroni test; ***p < 0.001versus 0 h; 
n = 9 slices in each group. The data are presented as the mean ± s.e.m. D Statistical analysis of EdU analysis of HaCaT cell proliferation. Two-tailed 
Student’s t-test; *p < 0.05 versus vehicle group; n = 15 slices from 5 cultures per group. The data are presented as the mean ± s.e.m
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between keratinocytes, immune cells, and skin neurons 
[27]. The pathophysiology of clinical AD is unclear, so 
there is no universally effective treatment for CP caused 
by AD. There are a variety of clinical treatments, such as 
emollients, opioids, anti-inflammatory treatments, and 
conventional systemic treatments, to help relieve the 
disturbing symptoms of scratching [1, 27]. The existing 
methods are not effective for many patients, and the side 
effects of drugs are significant. Therefore, there is urgent 
to find new and effective treatments for AD.

Our study is the first to report that Muse cells can 
alleviate the scratching behavior of mice with AD, pro-
mote the repair of damaged skin, and provide a new 
strategy for the treatment of chronic itching. The appli-
cations of mesenchymal stem cells in the repair of tis-
sue damages from injury or diseases have been greatly 
increased. Adipose-derived mesenchymal stem cells 
(AD-MSCs) are one important and widely used type 
among them. They can be used alone in autologous 
applications [28] for the treatment of soft tissue defects 
and chronic wounds [29, 30], or can be employed in 
conjunction with dermal substitute scaffolds and plate-
let-rich plasma. In addition, when combined with SVF-
enhanced autologous fat grafts, they have been applied 
in scar treatment from breast surgery, facial rejuvena-
tion, buttock augmentation, Romberg syndrome, and 
liposuction sequelae [31]. Muse cells are endogenous 
pluripotent stem cells derived from MSCs that have 
reparative properties. Both allogeneic transplantation 
and xenotransplantation of Muse cells can promote 
functional recovery [9]. The study of Muse cells in CP 

has not yet been reported, so we conducted research on 
Muse cells. In our study, we first established a chronic 
itch model induced by DNFB and then subcutaneously 
injected Muse cells in situ to explore whether the symp-
toms of chronic itch could be alleviated. Our results 
showed that in the CP model, the number of scratches 
on mice increased significantly compared with that in 
the untreated group. After treatment with Muse cells, 
the scratching behavior of mice greatly decreased. We 
observed behavioral changes on the first day after injec-
tion, and the treatment effect continued until the fourth 
day and was still significantly different.

The SC is the basis of the normal skin barrier and is 
composed of keratinocytes supported by the lamellar 
matrix. The basic function of the SC is to form a physi-
cal and biological barrier in the skin, prevent the loss 
of transdermal evaporative water, and provide a site for 
the colonization of nonpathogenic bacteria [32]. Due to 
the presence of the vicious cycle of itching-scratching-
skin damage in patients with chronic itching, the SC 
is damaged, and its barrier function is destroyed. The 
destruction of the physical barrier leads to not only 
increased moisture penetration of the skin but also to 
a higher rate of bacterial infection. The pH of the SC 
changes, and the loss of ceramide metabolites and other 
functional molecules with antibacterial effects will fur-
ther destroy the antibacterial function and physical 
barrier effect of the skin [33–35]. In the mouse model 
of CP, skin erosion and bleeding on the back of the neck 
were significant, damaging the barrier function of the 
skin. After treatment with Muse cells, the dermatitis 

Fig. 5  The protective effects of Muse cell supernatant on LPS-induced HaCaT cells. A–C The mRNA expression of IL-17α, IL-6 and IL-33 in HaCaT cells 
was measured by real-time PCR. Each inflammatory factor was subjected to three independent repeated analyses, and HaCaT cells without Muse 
cell supernatant were used as the vehicle group. The results were normalized to Gapdh. The results showed that under inflammatory infection 
conditions, the increase in proinflammatory cytokines was powerfully inhibited by pretreatment with Muse cell supernatant. Two-tailed Student’s 
t-test; ***p < 0.001, **p < 0.01 versus vehicle group; n = 3–4 cultures per group. The data are presented as the mean ± s.e.m
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score of the neck skin of mice was significantly relieved, 
and wound healing of the skin lesion was also greatly 
accelerated.

Glial cells are not only involved in neuropathic pain but 
also related to CP. The central nervous system is mainly 
composed of astrocytes and oligodendrocytes. CP has 
been reported to activate central glial cells and increase 
activated astrocytes [36–40]. To explore the effect of 
glial cells on the CP model, we examined the activation 
of astrocytes in the cervical spinal dorsal horn of mice, 
and the immunofluorescence results showed that in the 
DNFB-induced CP model, astrocytes were greatly acti-
vated. In the group treated with Muse cells, the number 
of activated astrocytes in the spinal dorsal horn were 
sharply reduced but was still higher than that in the naive 
group. We hypothesize that due to the long period of the 
DNFB model, the increased scratching behavior of mice 
led to the longterm activation of astrocytes. The scratch-
ing behavior of mice in the Muse cell treatment group 
was greatly reduced, which resulted in a decrease in acti-
vated astrocytes in the spinal cord. The mice in the naive 
group had no obvious scratching behavior, so astrocytes 
were not activated [20, 22]. Microglia are another type 
of glial cell that continuously monitors danger factors 
in our bodies. When the internal environment is at risk, 
microglia will change from a monitoring cell type to an 
activated form, specifically in response to the stimulated 
area [41]. Our results showed that microglial activation 
was rapid and transient. Compared with that in the PBS 
group, microglial activation in the Muse cell treatment 
group was significantly reduced, and there was no differ-
ence compared with that in the naive group.

Chronic itching is a symptom of many types of skin 
inflammation, and the treatment of CP is always accom-
panied by the treatment of skin inflammation [42]. 
Inflammatory cells release mediators that affect the cor-
responding receptors on sensory neurons, leading to 
aggravation of the inflammatory response; furthermore, 
skin inflammation will lower the threshold of itching 
stimulation, forming a positive feedback loop [43]. In our 
study, the expression levels of IL-17α, IL-6, and IL-33 in 
the spinal dorsal horn and back skin of the AD model 
group were upregulated. After treatment with Muse cells, 
the level of inflammatory factors in model mice was sig-
nificantly decreased. These results indicate that CP can 
increase the release of inflammatory substances; how-
ever, Muse cells can reduce the inflammatory response 
and inhibit the itching behavior of mice. Thus far, we 
have verified in vivo that Muse cells can inhibit the secre-
tion of inflammatory factors, restore skin damage to 
maintain the physical and biological barriers of the skin, 
alleviate scratching behavior and reduce the activation of 
astrocytes and microglia.

Keratinocytes were used for in vitro experiments, and 
we used cell migration assays to simulate wound heal-
ing. Muse cell supernatant was added to the culture 
dishes, and the cell migration rate was observed. The 
results showed that Muse cell supernatant could acceler-
ate the migration of cells from the edges of the scratches 
to the center. Compared with that in the control group, 
the therapeutic effect was significantly different at 6 and 
12 h. We also designed an in vitro inflammatory stimu-
lation model to observe the anti-inflammatory effects of 
Muse cells. LPS was used to stimulate keratinocytes to 
induce inflammation. Muse cell supernatant was added 
to protect keratinocytes. The results showed that Muse 
cells could reduce the expression levels of the inflam-
matory factors IL-17α, IL-6, and IL-33 in keratinocytes 
in  vitro. The in  vivo and in  vitro experimental results 
proved that Muse cells could effectively improve the 
scratching behavior of chronic itching, slow the develop-
ment of inflammation, and promote the recovery of dam-
aged skin. This discovery led us to hypothesize that after 
subcutaneous injection of Muse cells in  situ, these cells 
secrete growth factors or exosomes, which change the 
local microenvironment of the skin lesion and suppress 
the secretion of inflammatory factors, thereby reducing 
the scratching behavior of chronic itching and participat-
ing in the recovery of skin lesions.

Obtaining Muse cells is relatively easy, which makes 
this therapy convenient for clinical use. For clinical 
research, mesenchymal stem cells, especially adipose 
stem cells combined with tissue engineering, have been 
applied in wound healing [28, 44], autologous transplan-
tation [45], and scar repair [46] [47, 48]. These methods 
and clinical research have provided us with the inspira-
tion and the next direction for the research. Local injec-
tions under the skin, the approach we selected, had 
been demonstrated effective. In the future, we will try to 
combine Muse cells with tissue engineering by retaining 
the cells in a hydrogel, which will be implanted directly 
in vivo for tissue repair and wound healing. We have not 
yet examined the possible mechanism by Muse cells treat 
CP. We hypothesize that this may be due to immune reg-
ulation or exosomes secreted by Muse cells that change 
the local microenvironment of the injection site and pro-
mote skin regeneration. Further study is needed to con-
firm this conclusion.

Conclusions
In summary, our study showed that Muse cells could 
alleviate chronic itching skin damage, relieve annoy-
ing scratching behavior, and inhibit the activation of 
glial cells in the spinal dorsal horn. Although the spe-
cific mechanism has not been thoroughly studied, Muse 
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cell administration is still a new idea and method for the 
treatment of chronic itching.

Abbreviations
AD: Atopic dermatitis; DNFB: 2,4, Dinitrofluorobenzene; GAPDH: Glyceralde-
hyde-3-phosphate dehydrogenase; GFAP: Glial fibrillary acidic protein; HaCat: 
Human immortalized keratinocytes; LPS: Lipopolysaccharide; Iba1: Ionized 
calcium binding adapter molecule1; LTT: Long-term trypsin incubation; Muse 
cells: Multilineage differentiating stress enduring cells; MSCs: Mesenchymal 
stem cells.

Acknowledgements
Not applicable.

Authors’ contributions
G.C. and Y.S. designed the experiments; W.D.F., J.L.W., M.D.G., Q.W., Y.Y.Z. and 
C.L.S. performed the experiments; W.D.F. and G.C drafted the manuscript. 
All authors contributed to the manuscript revision, read, and approved the 
submitted version.

Funding
The following funds supported the design of the study, the collection, analysis 
and interpretation of data, and the writing of the manuscript: The National 
Natural Science Foundation of China (31872773, 32070998), the Key Research 
and Development Program (Social Development) of Jiangsu Province 
(BE2020667), the Foundation of Jiangsu Province "333 Project High-level 
Talents" (BRA2020076), Six talent peaks project in Jiangsu Province (2017-
SWYY-056) and Priority Academic Program Development of Jiangsu Higher 
Education Institutions (PAPD).

Availability of data and materials
Data and materials will be provided upon private request.

Declarations

Ethics approval and consent to participate
All animal experiments were performed in accordance with the NIH Guide 
for the Care and Use of Laboratory Animals (http://​oacu.​od.​nih.​gov/​regs/​
index.​htm). All procedures and protocols were approved by the Experimental 
Animal Protection and Care Committee of Nantong University.

Consent for publication
Not applicable.

Competing Interests
The authors declare that they have no competing interests.

Author details
1 Key Laboratory of Neuroregeneration of Jiangsu and the Ministry of Edu-
cation, Co‑Innovation Center of Neuroregeneration, Nantong University, 
Nantong 226001, Jiangsu Province, China. 2 Center for Basic Medical Research, 
Medical School of Nantong University, Nantong 226001, Jiangsu Province, 
China. 3 Department of Anesthesiology, Affiliated Hospital of Nantong Univer-
sity, Nantong 226001, Jiangsu Province, China. 4 Department of Dermatology, 
Affiliated Nantong Hospital 3 of Nantong University, Nantong 226001, Jiangsu 
Province, China. 5 Medical School of Nantong University, Co‑Innovation Center 
of Neuroregeneration, Nantong University, Nantong 226001, China. 

Received: 21 June 2021   Accepted: 25 October 2021

References
	1.	 Weisshaar E, Szepietowski JC, Dalgard FJ, Garcovich S, Gieler U, Gimenez-

Arnau AM, Lambert J, Leslie T, Mettang T, Misery L, et al. European S2k 
guideline on chronic pruritus. Acta Derm Venereol. 2019;99(5):469–506.

	2.	 Kusari A, Han AM, Schairer D, Eichenfield LF. Atopic dermatitis: new 
developments. Dermatol Clin. 2019;37(1):11–20.

	3.	 Torres T, Ferreira EO, Goncalo M, Mendes-Bastos P, Selores M, Filipe P. 
Update on atopic dermatitis. Acta Med Port. 2019;32(9):606–13.

	4.	 Langan SM, Irvine AD, Weidinger S. Atopic dermatitis. Lancet. 
2020;396(10247):345–60.

	5.	 Daltro SRT, Meira CS, Santos IP, Dos Santos RR, Soares MBP. Mesen-
chymal stem cells and atopic dermatitis: a review. Front Cell Dev Biol. 
2020;8:326.

	6.	 Na K, Yoo HS, Zhang YX, Choi MS, Lee K, Yi TG, Song SU, Jeon MS. Bone 
marrow-derived clonal mesenchymal stem cells inhibit ovalbumin-
induced atopic dermatitis. Cell Death Dis. 2014;5:e1345.

	7.	 Kushida Y, Wakao S, Dezawa M. Muse cells are endogenous reparative 
stem cells. Adv Exp Med Biol. 2018;1103:43–68.

	8.	 Wakao S, Kushida Y, Dezawa M. Basic characteristics of Muse cells. Adv 
Exp Med Biol. 2018;1103:13–41.

	9.	 Yamada Y, Wakao S, Kushida Y, Minatoguchi S, Mikami A, Higashi K, 
Baba S, Shigemoto T, Kuroda Y, Kanamori H, et al. S1P–S1PR2 axis medi-
ates homing of Muse cells into damaged heart for long-lasting tissue 
repair and functional recovery after acute myocardial infarction. Circ 
Res. 2018;122(8):1069–83.

	10.	 Dezawa M. Clinical trials of Muse cells. Adv Exp Med Biol. 
2018;1103:305–7.

	11.	 Yamashita T, Kushida Y, Wakao S, Tadokoro K, Nomura E, Omote Y, Take-
moto M, Hishikawa N, Ohta Y, Dezawa M, et al. Therapeutic benefit of 
Muse cells in a mouse model of amyotrophic lateral sclerosis. Sci Rep. 
2020;10(1):17102.

	12.	 Uchida H, Niizuma K, Kushida Y, Wakao S, Tominaga T, Borlongan CV, 
Dezawa M. Human Muse cells reconstruct neuronal circuitry in suba-
cute lacunar stroke model. Stroke. 2017;48(2):428–35.

	13.	 Noda T, Nishigaki K, Minatoguchi S. Safety and efficacy of human Muse 
cell-based product for acute myocardial infarction in a first-in-human 
trial. Circ J. 2020;84(7):1189–92.

	14.	 Yabuki H, Watanabe T, Oishi H, Katahira M, Kanehira M, Okada Y. 
Muse cells and ischemia-reperfusion lung injury. Adv Exp Med Biol. 
2018;1103:293–303.

	15.	 Uchida N, Kushida Y, Kitada M, Wakao S, Kumagai N, Kuroda Y, Kondo Y, 
Hirohara Y, Kure S, Chazenbalk G, et al. Beneficial effects of systemically 
administered human Muse cells in adriamycin nephropathy. J Am Soc 
Nephrol. 2017;28(10):2946–60.

	16.	 Liu T, Han Q, Chen G, Huang Y, Zhao LX, Berta T, Gao YJ, Ji RR. Toll-like 
receptor 4 contributes to chronic itch, alloknesis, and spinal astrocyte 
activation in male mice. Pain. 2016;157(4):806–17.

	17.	 Yamanoi Y, Kittaka H, Tominaga M. Cheek Injection Model for Simul-
taneous Measurement of Pain and Itch-related Behaviors. J Vis Exp. 
2019;151:e58943.

	18.	 Shiratori-Hayashi M, Koga K, Tozaki-Saitoh H, Kohro Y, Toyonaga H, 
Yamaguchi C, Hasegawa A, Nakahara T, Hachisuka J, Akira S, et al. 
STAT3-dependent reactive astrogliosis in the spinal dorsal horn under-
lies chronic itch. Nat Med. 2015;21(8):927–31.

	19.	 Deng GC, Lu M, Zhao YY, Yuan Y, Chen G. Activated spinal astrocytes 
contribute to the later phase of carrageenan-induced prostatitis pain. J 
Neuroinflamm. 2019;16(1):189.

	20.	 Kuroda Y, Wakao S, Kitada M, Murakami T, Nojima M, Dezawa M. Isola-
tion, culture and evaluation of multilineage-differentiating stress-
enduring (Muse) cells. Nat Protoc. 2013;8(7):1391–415.

	21.	 Kuroda Y, Kitada M, Wakao S, Nishikawa K, Tanimura Y, Makinoshima H, 
Goda M, Akashi H, Inutsuka A, Niwa A, et al. Unique multipotent cells in 
adult human mesenchymal cell populations. Proc Natl Acad Sci U S A. 
2010;107(19):8639–43.

	22.	 Zhang Y, Yan J, Hu R, Sun Y, Ma Y, Chen Z, Jiang H. Microglia are 
involved in pruritus induced by DNFB via the CX3CR1/p38 MAPK path-
way. Cell Physiol Biochem. 2015;35(3):1023–33.

	23.	 Harrison IP, Spada F. Breaking the itch-scratch cycle: topical options 
for the management of chronic cutaneous itch in atopic dermatitis. 
Medicines (Basel). 2019;6(3):76.

	24.	 Cevikbas F, Lerner EA. Physiology and pathophysiology of itch. Physiol 
Rev. 2020;100(3):945–82.

	25.	 Hu MS, Longaker MT. A MUSE for skin regeneration. J Investig Derma-
tol. 2017;137(12):2471–2.

http://oacu.od.nih.gov/regs/index.htm
http://oacu.od.nih.gov/regs/index.htm


Page 14 of 14Fei et al. Stem Cell Research & Therapy          (2021) 12:606 

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

	26.	 Du L, Hu X, Yang W, Yasheng H, Liu S, Zhang W, Zhou Y, Cui W, Zhu J, Qiao 
Z, et al. Spinal IL-33/ST2 signaling mediates chronic itch in mice through 
the astrocytic JAK2-STAT3 cascade. Glia. 2019;67(9):1680–93.

	27.	 Ji RR, Donnelly CR, Nedergaard M. Astrocytes in chronic pain and itch. Nat 
Rev Neurosci. 2019;20(11):667–85.

	28.	 Gentile P, Sterodimas A, Pizzicannella J, Dionisi L, De Fazio D, Calabrese 
C, Garcovich S. Systematic review: allogenic use of stromal vascular frac-
tion (SVF) and decellularized extracellular matrices (ECM) as advanced 
therapy medicinal products (ATMP) in tissue regeneration. Int J Mol Sci. 
2020;21(14):4982.

	29.	 Gentile P, Garcovich S. Systematic review: adipose-derived mesenchymal 
stem cells, platelet-rich plasma and biomaterials as new regenerative 
strategies in chronic skin wounds and soft tissue defects. Int J Mol Sci. 
2021;22(4):1538.

	30.	 Gentile P, Casella D, Palma E, Calabrese C. Engineered fat graft enhanced 
with adipose-derived stromal vascular fraction cells for regenerative 
medicine: clinical, histological and instrumental evaluation in breast 
reconstruction. J Clin Med. 2019;8(4):504.

	31.	 Gentile P, De Angelis B, Pasin M, Cervelli G, Curcio CB, Floris M, Di Pasquali 
C, Bocchini I, Balzani A, Nicoli F, et al. Adipose-derived stromal vascular 
fraction cells and platelet-rich plasma: basic and clinical evaluation for 
cell-based therapies in patients with scars on the face. J Craniofac Surg. 
2014;25(1):267–72.

	32.	 Ikoma A, Steinhoff M, Stander S, Yosipovitch G, Schmelz M. The neurobiol-
ogy of itch. Nat Rev Neurosci. 2006;7(7):535–47.

	33.	 Lavery MJ, Kinney MO, Mochizuki H, Craig J, Yosipovitch G. Pruritus: 
an overview. What drives people to scratch an itch? Ulster Med J. 
2016;85(3):164–73.

	34.	 Pluchino S, Cossetti C. How stem cells speak with host immune cells in 
inflammatory brain diseases. Glia. 2013;61(9):1379–401.

	35.	 Guo W, Imai S, Yang JL, Zou S, Watanabe M, Chu YX, Mohammad Z, Xu 
H, Moudgil KD, Wei F, et al. In vivo immune interactions of multipotent 
stromal cells underlie their long-lasting pain-relieving effect. Sci Rep. 
2017;7(1):10107.

	36.	 Elias PM. Stratum corneum defensive functions: an integrated view. J 
Investig Dermatol. 2005;125(2):183–200.

	37.	 Kobayashi T, Glatz M, Horiuchi K, Kawasaki H, Akiyama H, Kaplan DH, 
Kong HH, Amagai M, Nagao K. Dysbiosis and Staphylococcus aureus 

colonization drives inflammation in atopic dermatitis. Immunity. 
2015;42(4):756–66.

	38.	 David Boothe W, Tarbox JA, Tarbox MB. Atopic dermatitis: pathophysiol-
ogy. Adv Exp Med Biol. 2017;1027:21–37.

	39.	 Parsons JB, Yao J, Frank MW, Jackson P, Rock CO. Membrane disruption 
by antimicrobial fatty acids releases low-molecular-weight proteins from 
Staphylococcus aureus. J Bacteriol. 2012;194(19):5294–304.

	40.	 Andersen HH, Arendt-Nielsen L, Gazerani P. Glial cells are involved in itch 
processing. Acta Derm Venereol. 2016;96(6):723–7.

	41.	 Tsuda M. Modulation of pain and itch by spinal glia. Neurosci Bull. 
2018;34(1):178–85.

	42.	 Shiratori-Hayashi M, Tsuda M. Role of reactive astrocytes in the 
spinal dorsal horn under chronic itch conditions. J Pharmacol Sci. 
2020;144(3):147–50.

	43.	 Tsuda M. Astrocytes in the spinal dorsal horn and chronic itch. Neurosci 
Res. 2018;126:9–14.

	44.	 Gentile P, Garcovich S. Concise review: adipose-derived stem cells (ASCs) 
and adipocyte-secreted exosomal microRNA (A-SE-miR) modulate cancer 
growth and proMote wound repair. J Clin Med. 2019;8(6):855.

	45.	 Gentile P, Scioli MG, Bielli A, Orlandi A, Cervelli V. Concise review: the use 
of adipose-derived stromal vascular fraction cells and platelet rich plasma 
in regenerative plastic surgery. Stem Cells. 2017;35(1):117–34.

	46.	 Cervelli V, Bocchini I, Di Pasquali C, De Angelis B, Cervelli G, Curcio CB, 
Orlandi A, Scioli MG, Tati E, Delogu P, et al. P.R.L. platelet rich lipotransfert: 
our experience and current state of art in the combined use of fat and 
PRP. Biomed Res Int. 2013;2013:434191.

	47.	 De Angelis B, Gentile P, Tati E, Bottini DJ, Bocchini I, Orlandi F, Pepe G, Di 
Segni C, Cervelli G, Cervelli V. One-stage reconstruction of scalp after 
full-thickness oncologic defects using a dermal regeneration template 
(integra). Biomed Res Int. 2015;2015:698385.

	48.	 Gentile P, Piccinno MS, Calabrese C. Characteristics and potentiality of 
human adipose-derived stem cells (hASCs) obtained from enzymatic 
digestion of fat graft. Cells. 2019;8(3):282.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	Multilineage-differentiating stress-enduring cells alleviate atopic dermatitis-associated behaviors in mice
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Background
	Methods
	Animals
	Drugs and administration
	Skin wound model
	Neck injection of Muse cells
	Behavioral analysis
	Evaluation of dermatitis
	Real-Time quantitative PCR (qPCR)
	Immunohistochemistry
	Cells culture and migration
	Cells labeling and EdU labeling of cultured cells
	Statistical analyses

	Results
	Muse cells alleviate scratching behavior in AD mice
	Muse cells have the potential for skin regeneration and reduce the expression of inflammatory cytokines in the spinal cord and skin
	DNFB-induced glial cell activation is reduced in Muse cell-treated mice
	Muse cell supernatant has a positive regulatory effect on wound healing and promotes HaCat cell proliferation
	The protective effect of Muse cell supernatant on LPS-induced HaCat cells

	Discussion
	Conclusions
	Acknowledgements
	References


